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Available online xxxxThe Rosy Finch Shear Zone (RFSZ) is a NNW trending transpressional zone along the easternmargin of the Sierra
Nevada mountain range, and the southernmost shear zone within the Sierra Crest Shear Zone. Dextral shear,
resulting from oblique subduction along the western margin of the North American Plate (ca. 90Ma), combined
with subduction zoneorthogonal shortening is concentratedwithin the RFSZ. Highly deformedmetasedimentary
and metavolcanic rocks within the zone have a prominent foliation with a mean dip, dip direction of 79°, 236°
and a steeply plunging, penetrative, stretching lineation with a trend, plunge of 178°, 73°. Here, we present
both three-dimensional strain analysis and crystallographic texture data in order to determine the mean
kinematic vorticity number (Wm) and the relative amounts of pure and simple shear within the RFSZ. These
two independent methods, using data collected from samples along two E-W transects, both indicate that
there is a signiﬁcant component of pure shear within the zone, with a mean of approximately 75% pure shear.
Using the vorticity data, we calculated the amount of across-the-zone thinning. Samples collected from the
0.65 km zone of interest have yielded a mean shortening of nearly 20.3%, or approximately 166 m. In addition,
three-dimensional strain analysis yields amean Lode's ratio of 0.202, and amean Flinn's k-value of 0.585, indicate
a general ﬂattening deformation, and a mean octahedral shear strain (εs) of 0.407. Assuming no volume change,
these data suggest that there was approximately 174 m of vertical extrusion within this segment of the RFSZ in
response to this obliquely convergent plate margin.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).Keywords:
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Transpression1. Introduction
The Rosy Finch Shear Zone (RFSZ) is located on the eastern side of
the Sierra Nevada Batholith and comprises the southernmost section
of the approximately 310 km Sierra Crest Shear Zone (SCSZ) (Tikoff
and de Saint Blanquat, 1997; Nadin and Saleeby, 2008). This study
focuses on a relatively small area within the shear zone, located near
Mammoth Lakes, California (Fig. 1). We concentrated our kinematic
analysis on quartz-rich layers within the metasedimentary rocks of
the Mt. Morrison roof pendant (Russell and Nokleberg, 1977; Tikoff
and de Saint Blanquat, 1997). Samples were collected along two
transects oriented roughly perpendicular to the trend of the shear
zone. Three-dimensional strain analysis, coupled with crystallographic
preferred orientation (CPO) texture analysis, permitted the calculation
ofmean kinematic vorticity numbers and the total amount of horizontal
shortening within this zone. Determining the relative amount of
pure versus simple shear is critical for quantifying the amount of
vertical extrusion.ookerjee).
. This is an open access article under
., Quantifying thinning and ex
2016), http://dx.doi.org/10.10The Sierra Crest Shear Zone records dextral shearing, with a signiﬁ-
cant contractional component, along the axis of magmatism during
the emplacement of the Eastern Sierra Nevadan plutons (Tikoff and de
Saint Blanquat, 1997). The transpressional nature of this obliquely
convergent boundary (Fig. 2) is manifest within the RFSZ, and resulted
in vertical extrusion. Dextral shearing and vertical extrusion within
this zonehave resulted in an abundance of bothmacroscopic andmicro-
scopic strain markers. Asymmetric minor folds and boudinage are
commonmacroscopic observations, and indicate principal kinematic di-
rections. Sigma clasts, as viewed in the horizontal plane, are generally
consistent with a dextral sense of shear (Fig. 3). A steeply plunging,
penetrative stretching lineation is commonly visible on near vertical
foliation surfaces (Fig. 3). Stretching lineations can switch from
subhorizontal to subvertical orientations with increasing strain in
transpressional shear zones (e.g., Fossen and Tikoff, 1993; Fossen
et al., 1994; Tikoff and Greene, 1997).
Collisional events, in general, thicken the crust and form mountain
belts. Oblique subduction, more speciﬁcally, partitions its deformation
into zone-parallel simple shear and zone-perpendicular pure shear,
often forming localized zones of transpression (e.g., St. Blanquat et al.,
1998). By nature, these near-vertically-oriented transpressional shearthe CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1.Geologicalmap and strain ellipsoids in the vicinity of the Rosy Finch Shear Zone nearMammoth Lakes, CA as it extends through LakeGeorge and TJ Lake. Contacts east of themapped
“Pelistic Schist” from Bailey (1989). The inset map of California depict the locations of the Sierra Nevada Batholith, the Sierra Crest Shear Zone (SCSZ), andmore speciﬁcally the Rosy Finch
Shear Zone (RFSZ). Contour interval is 20 m.
2 M. Mookerjee et al. / Tectonophysics xxx (2016) xxx–xxxzones involve some amount of vertical extrusion.What remains unclear
is how this vertically extruded material connects with the rest of the
system. Does the extruding material ﬂow through the brittle-plastic
transition and undergo a series of deformation mechanism transitions
as it passes through the crust (Fusseis and Handy, 2008)? Does the ex-
truding material create geomorphic features at the surface and increase
erosion rates? Or, does the system ﬁnd more local ways to balance the
ﬂow of material? Overall, understanding the kinematics and evolution
of these large-scale shear zones is essential for understanding orogene-
sis at the ﬁrst order. However, we cannot hope to build accuratePlease cite this article as: Mookerjee, M., et al., Quantifying thinning and ex
the Rosy Finch Shear Zone, Tectonophysics (2016), http://dx.doi.org/10.10kinematic models of these deformation zones without ﬁrst quantifying
the amount of vertical as well as along strike extrusion. In this study,
we seek to calculate the vertical extrusion values at one location along
the Rosy Finch Shear Zone.
Furthermore, the methodology presented in this article can be
linked with other types of geological data in order to understand the
temporal development of shear zones in general. For instance, a similar
style vorticity analysis coupled with detailed geochronological data has
demonstrated elevated extrusion rates along the transpressional bend
along the Denali Fault (Carruthers et al., 2014). Additionally, thistrusion associatedwith an oblique subduction zone: An example from
16/j.tecto.2016.06.012
forearc arc backarc
Fig. 2. Generalized block diagram, modiﬁed from St. Blanquat et al. (1998), illustrating the geometry and kinematics of this obliquely convergent, transpressional plate boundary.
3M. Mookerjee et al. / Tectonophysics xxx (2016) xxx–xxxmethodology can help to understand the observed and relatively rapid
exhumation rates in metamorphic core complexes (e.g., Mulch et al.,
2006) as has been applied along the Bitterroots Detachment Lobe
(Melcon et al., 2013; Bruvry et al., 2014). These applications are useful,
as investigators are broadly interested in whether shear zones tend to
either thicken or become more localized with time (Means, 1984;
Wojtal and Mitra, 1988; Fusseis and Handy, 2008). It is possible, for in-
stance, that the pure shear thinning that we observe along the RFSZL
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Fig. 3. Block diagram illustrating a schematic transpressional shear zone geometry and the
associated penetrative foliation and lineation orientations. Horizontal surfaces in the RFSZ
exhibit consistent dextral shear sense indicators, while vertical surfaces exhibit both east-
side-up and west-side-up shear sense.
Please cite this article as: Mookerjee, M., et al., Quantifying thinning and ex
the Rosy Finch Shear Zone, Tectonophysics (2016), http://dx.doi.org/10.10could be balanced by progressive incorporation ofmorewall rockmate-
rial into the actively deforming zone, thereby maintaining a constant
thickness. However, we cannot answer these fundamental questions
about shear zone evolution without ﬁrst quantifying the kinematics of
the deformation zones.
2. Geological setting
The RFSZ is approximately 1–4 kmwide and 80 km long and trends
NNW along the eastern margin of the Sierra Nevada mountain range
(Tikoff and Greene, 1997; Tikoff and de Saint Blanquat, 1997). Oblique
subduction of the Farallon Plate along the western boundary of the
North American continent, combined with subduction zone orthogonal
shortening, is concentrated within the shear zone (Fig. 2). 40Ar/39Ar
geochronology of syntectonic granite intrusions and syndeformational
micas indicate that shearingwithin the Sierra Crest Shear Zone initiated
prior to 91 Ma and continued until at least 80 Ma (Greene and
Schweickert, 1995). The RFSZ was active from 88–80 Ma along the
easternmost margin of the Late Cretaceous Sierra Nevada Batholith
(Tikoff and de Saint Blanquat, 1997). Sierra Nevada Batholith emplace-
ment migrated eastward during pluton intrusion from 210 to 80 Ma,
suggesting that these rocks represent the youngest period of plutonism
in the batholith (Evernden and Kistler, 1970).
While the continuity of the SCSZ is unknown, the RFSZ shares
numerous compositional and deformational characteristics with neigh-
boring middle Cretaceous dextral shear zones (e.g., Gem Lake Shear
Zone (GLSZ), Cascade Lake Shear Zone, Saddlebag Shear Zone), all of
which had regional tectonic importance (Brook, 1977; Greene and
Schweickert, 1995; Davis et al., 1995; Tikoff et al., 2005; Horsman
et al., 2008; Cao et al., 2015). Stretching lineations are prominently
steeply plunging in this area of interest within the RFSZ; however, shal-
lowly plunging lineations exist farther north, along strike within the
GLSZ. This deviation from the steeply plunging stretching lineation is
interpreted as variation in both the amount of deformation and in the
boundary conditions (Tikoff and Greene, 1997). This variation demon-
strates the heterogeneity of the shear zone along strike and throughout
the greater SCSZ (Tobisch et al., 2000). However, the similar style and
age of deformation in these regions permit the SCSZ to be considered
a continuous, albeit heterogeneous, dextral shear zone of considerable
regional signiﬁcance.trusion associatedwith an oblique subduction zone: An example from
16/j.tecto.2016.06.012
4 M. Mookerjee et al. / Tectonophysics xxx (2016) xxx–xxxHighly deformed Paleozoic metasedimentary and metavolcanic
rocks comprise the eastern margin of the RFSZ within the study area,
while weakly foliated and syndeformationally intruded granitic rocks
from the Mono Creek Intrusive Suite (86–92 Ma) span the western
portion (Tikoff and de Saint Blanquat, 1997) (Fig. 1). Paleozoic
metasedimentary rocks formed roof pendants during Cretaceous
magmatism (Russell and Nokleberg, 1977; Brook, 1977). Pendants of
the Ritter Range, that comprised Upper Triassic to Lower Jurassic
metavolcanic rocks, as well as Paleozoic metasedimentary rocks, are
all deformed by the Rosy Finch and Gem Lake Shear Zones (Tikoff and
Greene, 1997; Greene and Schweickert, 1995; Schweickert et al.,
1984). The Mono Creek Granite (86 Ma) within the RFSZ is classiﬁed
as an orthogneiss, consistent with the extent of the Mono Creek
Intrusive Suite along the SCSZ (Tikoff and de Saint Blanquat, 1997).
The granitic rocks that outcrop on the western margin of the RFSZ are
composed of S-type granitoids, whichwere derived from a sedimentary
source (Chappell and White, 1974).
The development of the RFSZ has been correlated with a change in
the angle of convergence of the subducting Farallon Plate fromobliquely
sinistral movement to obliquely dextral movement at ~95 Ma (Kelley
and Engebretson, 1995; Tikoff and de Saint Blanquat, 1997). Heat from
intruded igneous bodies associated with the formation of the Sierra
Nevada Batholith elevated the temperatures in the wall rocks and
facilitated shearing and mylonitization. Dextral displacement in the
northerly adjacent GLSZ, quantiﬁed by matching small outcrops of
Late Paleozoic fossiliferous marble, is estimated to be a minimum of
20 km (Greene and Schweickert, 1995). In comparison, the estimated
dextral displacement on the RFSZ is ~8 km (Greene and Schweickert,
1995; Tikoff and Teyssier, 1992, 1994). This discrepancymay be because
the GLSZ initiated prior to Cretaceous pluton emplacement and the
inception of the RFSZ.
Granitic rocks west of the RFSZ contain quartz-ﬁlled fractures in
orthoclase grains that are interpreted as brittle deformation in the
presence of residual melt (Bouchez et al., 1992; Tikoff and de Saint
Blanquat, 1997). Metavolcanic rocks in the adjacent GLSZ show
brittle deformation of feldspars and boudinaged quartz crystals
that imply deformation occurred at the lower limit of quartz plastic-
ity within the lower greenschist facies (Greene and Schweickert,
1995). Chlorite alteration of maﬁc minerals in granitic rocks and
epidote-bearing metasedimentary rocks indicates relatively low
temperature deformation (Tikoff and de Saint Blanquat, 1997). The
RFSZ is interpreted to be the response to shallow crustal deformation
at pressures of 100–200 MPa (Tikoff and de Saint Blanquat, 1997).
This pressure correlates to a crustal depth of less than 10 km. These
crustal depths are relatively shallow for such a well-developed
mylonite zone. The elevated temperatures from nearby pluton
emplacement may have facilitated the plastic deformation observed
at such shallow crustal levels.
3. Mapping units
Within the mapping area, the trace of the RFSZ follows the contact
between the syntectonically intruded Mono Creek Granite and
metasedimentary/metavolcanic pelitic schists of the Mt. Morrison
Pendant (Fig. 1). TheMono Creek Granite contains up to 10% amphibole
and has local occurrences of hematite pseudomorphs of replaced
euhedral pyrite (Fig. 4a).
The metasedimentary and metavolcanic units are signiﬁcantly
more heterogeneous in composition and structure than the adjacent
Mono Creek Granite. Themetavolcanic members are often character-
ized by an abundance of epidote, commonly with epidote or epidote-
garnet cored augen (Fig. 5a, b, and c). These augen often display an
asymmetry that can be used as a shear sense indicator. Shear sense
is consistently dextral on horizontal surfaces, while vertical, foliation
perpendicular surfaces display both east-side-up and west-side-up
shear sense (Figs. 3 and 5a, b, and c). Epidote layers and late-stagePlease cite this article as: Mookerjee, M., et al., Quantifying thinning and ex
the Rosy Finch Shear Zone, Tectonophysics (2016), http://dx.doi.org/10.10intrusive bodies are commonly boudinaged and serve as macroscop-
ic indicators of the dextral shear sense (Fig. 5d). Metavolcaniclastic
rocks observed within the RFSZ exhibit strongly elongated clasts
within the penetrative fabric (Fig. 5f and g); however, strain analysis
within this study focuses on the more quartz-rich layers within the
metasedimentary units in order to compare 3D strain analyses with
our quartz CPO fabrics (Fig. 4c and d, Table 1). The limestone mem-
ber serves as an example of a laterally continuous metasedimentary
lithology (Figs. 1 and 6a). This member displays fewer signs of
deformation; however, several minor folds were observed along its
margins (Fig. 6b).
Much of the deformation within the RFSZ is partitioned into the
relatively weaker pelitic schists and the deformation tapers off much
more abruptly within the plutonic rocks. Near the plutonic–pelitic
schist contact (mapped as “RFSZ contact,” Fig. 1) (Fig. 6c), the granitic
rocks are deformed to orthogneiss with well-developedmylonitic folia-
tion; however, this does not persist beyond several tens of meters.
Comparatively, the pelitic schists have a well-developed mylonitic
foliation and penetrative lineation for hundreds of meters away from
this contact (Fig. 6d).
4. Methods
4.1. Three-dimensional strain analysis
Samples were collected along two approximately E-W transects
across the RFSZ during two ﬁeld seasons, in 2007 and 2012 (Fig. 1).
The 2007 samples were cut into three mutually perpendicular thin
sections: one section oriented parallel to the macroscopic lineation
and perpendicular to the penetrative foliation (b-plane), a second ori-
ented perpendicular to both the foliation and the lineation (a-plane),
and the ﬁnal thin section oriented parallel to the foliation surface
(c-plane). Fromeach of the 2007 thin sections, 5 to 10 photomicrographs
were taken at 4× and 10×magniﬁcations. The 2012 specimenswere cut
into four thin sections per sample. The set of four sections includes the
b-plane section, with the remaining three sections approximately uni-
formly oblique to the b-plane and at least 30° from dip of the foliation
plane. For each of the 2012 thin sections, 20–40 photomicrographs
were taken using a 1× lens and were digitally combined to yield a
single nearly complete thin section image (Fig. 4a and b). All 2012 thin
sections were etched with hydroﬂuoric acid to aid in quartz identiﬁca-
tion both in static photomicrographs and under the scanning electron
microscope (SEM).
We used quartz grains as a strain marker. Quartz grain boundaries
were traced in Adobe Illustrator with either a stylus on a tablet monitor,
or using the mouse and pen tool (Fig. 7a and b). A minimum of ﬁfty
grains were measured per thin section; however, approximately 100
grainswas typical. Borradaile (1984) showed that sample sizes in excess
of 50–75 elliptical markers did not further reﬁne strain estimations.
Negative space of the grain-traced images was ﬁlled using Adobe
Photoshop (Fig. 7c) and images were exported in an appropriate format
for the image analysis program, ImageJ (v. 1.46r) (Fig. 7d). ImageJ was
used to calculate the best-ﬁt ellipse for each grain tracing and the
resulting dataset was exported to a Microsoft Excel spreadsheet. Data
from each ﬁeld of view, and for each thin section, was then combined
in Excel and the resulting ﬁle is used as the input into the Wolfram
Mathematica script, “Best-Fit Ellipsoid with Statistics for ImageJ with
Vort-v3_0.nb” (Mookerjee and Nickleach, 2011) (Fig. 7e and f). This
script determines the mean ellipse for each section by averaging the
ellipse shape tensors as described in Shimamoto and Ikeda (1976) and
Wheeler (1984). The Mathematica script is included in the “Geological
Programs of Mathematica” program suite and it determines the best-
ﬁt ellipsoid using a least-squares approach by minimizing the assem-
bled error function using a steepest descent algorithm (Mookerjee and
Nickleach, 2011). This process is repeated for 100 iterations in a
Monte Carlo-type simulation while introducing random perturbationstrusion associatedwith an oblique subduction zone: An example from
16/j.tecto.2016.06.012
Fig. 4.Representativemicrostructures in cross-polar photomicrographs. a) Photomicrograph of sample RF-16-12 from the plutonic, eastern side of the shear zone; the colored pixels in the
rectangular overlay image represent quartz crystallographic orientations as mapped using EBSD, b) photomicrograph of sample RF-25-07 from the metasedimentary, western side of the
shear zone; colored pixels in the rectangular overlay images represent quartz crystallographic orientations as mapped using EBSD, and photomicrographs of c) metasedimentary sample,
RF-08-07, and d) metasedimentary sample, RF-06-07.
5M. Mookerjee et al. / Tectonophysics xxx (2016) xxx–xxxto the dataset in order to generate conﬁdence limits and conﬁdence re-
gions for the resulting strain parameters (Mookerjee and Nickleach,
2011). In addition to the error regions produced in Flinn- and
Hsu-space, version 3.0 of this script also includes error regions on a
“vorticity diagram” (Tikoff and Fossen, 1995).Please cite this article as: Mookerjee, M., et al., Quantifying thinning and ex
the Rosy Finch Shear Zone, Tectonophysics (2016), http://dx.doi.org/10.104.2. EBSD
The b-plane thin section for each sample was prepared for electron
backscatter diffraction (EBSD) analysis of quartz. Samples were
prepared for EBSD analysis using an automated grinder/polishertrusion associatedwith an oblique subduction zone: An example from
16/j.tecto.2016.06.012
Fig. 5. Steps of the three-dimensional strain analysismethod. a) Example thin sectionﬁeld of viewunder cross-polarized light, b) digitally traced quartz grains, c) formatted image of traced
grains, d) the resulting, ImageJ-determined, best-ﬁt ellipses for each traced grain, e) theMathematica output of themean sectional ellipse (i.e., “input”) with respect to the best-ﬁt ellipse
for a given section, and f) the best-ﬁt strain ellipsoid plotted with each of the sectional planes.
6 M. Mookerjee et al. / Tectonophysics xxx (2016) xxx–xxx(EcoMet/AutoMet 250) with sequential 6 μm, 3 μm, and 1 μm diamond
polishing steps and a ﬁnishing polish with colloidal silica (MasterMet
2) on a vibratory polisher (VibroMet 2).
The Channel5 EBSD acquisition software, Flamenco, and Oxford
Instruments' Aztec (v. 2.4), allowed for semi-automated mapping
of both EBSD and Energy Dispersive X-Ray Spectrometer (EDS)
data over large (thin section-scale) areas (Figs. 8, 4a, and b). Due to
geometric constraints of the SEM chamber, both Flamenco and
Aztec could only automate data collection for a single row of ﬁelds
of view at a given time. For each thin section, ﬁve to ten rows of
data were collected across the entire length of the thin section. Five
rows were typically collected from a given thin section, which was
then rotated 180°, and another 5 rows of data were collected
(Fig. 4b). This technique decreased the working distance within thePlease cite this article as: Mookerjee, M., et al., Quantifying thinning and ex
the Rosy Finch Shear Zone, Tectonophysics (2016), http://dx.doi.org/10.10SEM, allowing for better quality EDS data throughout the thin
section, without noticeably affecting the quality of the resulting
EBSD data. One potential beneﬁt of simultaneously collecting EBSD
and EDS data is that the EDS data can be used to reﬁne the EBSD
data by eliminating potentially misidentiﬁed phases (e.g., when
analyzing quartz, one can eliminate pixels with greater than
background amounts of potassium). However, while this is a very
useful option, the pre- and post-processed CPO textures of our sam-
ples were negligibly different, and we therefore discontinued the
time-consuming practice of “cleaning” our CPOdatasets. Crystallographic
axes orientation data were exported from Flamenco as a text ﬁle, and a
Mathematica script, written by Mookerjee, was used to rotate, plot,
and contour the quartz crystallographic c- and a-axes orientations on
equal-area projections.trusion associatedwith an oblique subduction zone: An example from
16/j.tecto.2016.06.012
Table 1
Kinematic data summary illustrating crystallographic textures for c- and a-axes, strain ellipsoids, strain ellipsoid principal axes orientations, and the
following strain parameters: octahedral shear strain (εs), Lode's ratio (ν), Flinn's k-value (k), CPO-derived mean vorticity number (Wm,β), and 3D
strain-derived mean vorticity number (Wm,θ’). Red slash indicates no data.
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Lineation
β
β
β
c-Axes 
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plot
a-Axes 
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plot
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RF-20-12
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RF-23-12
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RF-24-12
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RF-25-12
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RF-05-07
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RF-09-07
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RF-16-12
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RF-06-07
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N=49,167 CI=0.122% N=147,501 CI=0.0532%
N=91,776 CI=0.263% N=275,328 CI=0.165%
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β
β
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ββ
β
β
β
β
β
β
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Principal
axes
εs
ν
k
εs = 0.17
ν = -0.31
k = 1.97 
εs = 0.21 
ν = 0.54 
k = 0.28 
εs = 0.89 
ν = 0.19 
k = 0.59 
εs = 0.30 
ν = 0.30 
k = 0.50 
εs = 0.41 
ν = 0.78 
k = 0.10
εs = 0.49 
ν = 0.55 
k = 0.24
εs = 0.48
ν = 0.26
k = 0.54 
εs = 2.06 
ν = -0.29 
k = 0.63
εs = 0.23 
ν = -0.28 
k = 1.85 
εs = 0.62
ν = 0.02 
k = 0.96
εs = 0.21
ν = 0.24 
k = 0.59 
εs = 0.22 
ν = 0.09 
k = 0.83
εs = 0.44 
ν = 0.54
k = 0.25
Wm,β
Wm,θ '
0.26
0.66
0.32
0.13
0.27
0.30
0.58
0.65
0.17
0.33
0.50
0.24
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0.14
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shear 
strain
ν = Lode’s
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mean
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a=500 µm; BC ; Step=5 µm; Grid460x316 
b
=1000 µm; Step=5 µm; Grid460x316 
c
=500 µm; Silicon; Step=5 µm; Grid460x316 
d
=500 µm; Potasium; Step=5 µm; Grid460x316 
e
=500 µm; Sodium; Step=5 µm; Grid460x316 
f
EBSD/EDS Maps
Fig. 6.Maps generated during EBSD/EDS analysis of sample RF-16-12. a) Forescatter image, b) band contrast image (105,977 pixels analyzed), c) crystallographic orientation image
randomly colored to show individual quartz grains, d), e), and f) EDS chemistry map overlaying the band contrast image of silica, potassium, and sodium content, respectively.
8 M. Mookerjee et al. / Tectonophysics xxx (2016) xxx–xxx4.3. Equal-area projections
Equal-area projections for plotting macroscopic fabric orienta-
tions and principal axes orientations were constructed using
the Mathematica script “Equal Area&Angle Projections-v3_0.nb”
from the “Geological Programs for Mathematica” program suite
(Mookerjee and Nickleach, 2011).
5. Kinematic analysis
5.1. Three-dimensional strain data
Deformed rocks within the RFSZ reﬂect the ancient geometry of the
obliquely convergent plate boundary, which resulted in this localized
highly strained zone exhibiting transpressional kinematics. The combi-
nation of dextral shearing and horizontal shortening produced a steeply
plunging stretching lineation and near vertical penetrative foliation
(Figs. 3 and 9). The mean orientation of foliation surfaces has a dip,
dip direction of 79°, 236°, and the mean trend, plunge of the lineation
is 178°, 73° (Fig. 9).
By tracing individual quartz grains (Fig. 4), we generate ellipsoi-
dal approximations of the grain geometries, which we use as a
proxy for strain ellipsoids (Fig. 1 and Table 1). Using these grain
shape approximations, the Mathematica script calculates octahedral
shear strain (εs) (Nadai, 1963), Flinn's (1961) k-value, and Lode's
ratio (ν) (Hossack, 1967). These calculations assume no volume
loss. Octahedral shear strain is based on calculations for the amount
of work to homogeneously deformmaterial via pure shear. ThemeanFig. 7. Field photographs. a) garnet-cored augen in deformedmetasedimentary unit, facing 315
west-side up shear sense, facing 300°, d) boudinaged felsic intrusion within a more maﬁc intru
shear sense, looking straight down, f) stretched clasts in the metasedimentary unit, facing 302
metasedimentary unit, facing 120°, and i) quartz sigma clasts within the metasedimentary uni
Please cite this article as: Mookerjee, M., et al., Quantifying thinning and ex
the Rosy Finch Shear Zone, Tectonophysics (2016), http://dx.doi.org/10.10εs for this location along the RFSZ is 0.407. Flinn's k-value (k) and
Lode's ratio (ν) are used to characterize the shapes of strain
ellipsoids by determining the ratio of the lengths of principal
axes. The values k = ∞ and ν = −1 characterize perfectly prolate
(cigar-shaped) ellipsoids; k = 1 and ν = 0 characterize plain strain
ellipsoids; k = 0 and ν = 1 characterize perfectly oblate (pancake-
shaped) ellipsoids. The mean k and ν for this area are 0.585 and
0.202, respectively. Because k is deﬁned between zero and inﬁnity
with the medial value equal to one, we took the natural log of each
of the k values before determining the mean and then calculated
the exponential of the mean of these natural log values. Both of
these parameters indicate that the strain within the RFSZ is within
the general ﬂattening regime. In order to completely represent the
strain geometry of our data (i.e., both the ellipsoid shape and magni-
tude), the data are plotted on both Flinn (Flinn, 1961) and Hsu dia-
grams (Hsu, 1966; Hossack, 1967). Additionally, statistical analysis
performed via the Mathematica script allows us to better appreciate
the implications of measurement error for each sample within for
our calculations of ellipsoid shape and magnitude (Mookerjee and
Nickleach, 2011) (Fig. 10). The Hsu diagram provides a superior
means of representing undistorted error areas in strain space as
compared with the more traditional Flinn diagram (Brandon, 1995;
Mookerjee and Peek, 2014).
A contoured equal-area projection of the principal ellipsoid axes
orientations (Fig. 11) indicates that the mean long axis orientation
(281°, 68°) is nearly parallel with the mean foliation plane (79°, 236°)
and about 30° from the mean lineation direction (178°, 73°) (Fig. 9).
Further, the orientation of the mean principal intermediate axis°, b) epidote augen inmetasedimentary unit, facing 174°, c) garnet-epidote augen showing
sion, e) feldspar sigma clast with cleavage plane preferentially aligned with respect to the
°, g) stretched clasts in the metavolcaniclastic unit, facing 240°, h) stretched clasts in the
t, facing 308°.
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10 M. Mookerjee et al. / Tectonophysics xxx (2016) xxx–xxx(151°, 14°) also lies within the mean foliation plane, and the mean
short axis orientation (056°, 18°) is approximately parallel to the
pole to the mean foliation (056°, 11°).
5.2. CPO data
Electron Backscatter Diffraction (EBSD) uses diffraction patterns
from scattered electrons within an SEM to measure crystallographic
preferred orientations. In EBSD analysis, the electrons intersect a
nucleus within the sample that creates a cone of diffracted electrons
characterized by the Bragg equation. Each lattice plane produces two
high intensity cones of diffraction, which intersect the phosphorous
screen of the EBSD detector and then luminesce to form “Kikuchi
bands”. These series of bands, known as the Electron Backscatter Dif-
fraction Patterns (EBSP), are diagnostic for a particular crystal lattice
(thus phase identiﬁcation is often possible, [Small and Michael, 2001])
and can be used to determine the orientation of crystallographic axes.
The primary advantage of EBSD over other methods of crystallographic
fabric determination is its unique ability to index minerals in real
timewith a spatial resolution of approximately ~0.5 μm. The orientation
of all crystallographic axes and planes can be determined from
any given indexed pixel and this information can be combined in a
variety of ways with the standard capabilities of the SEM to image the
microstructure (Fig. 6).
The CPO diagrams for both the quartz crystallographic c- and a-axes
are illustrated in Table 1. Three main types of c-axis CPO textures
are present in the RFSZ samples: 1) small circle girdles with minimal
cross-girdle development, 2) a symmetrical cross-girdle pattern,
and 3) a single c-axis maxima. The small circle girdles represent eitherFig. 8. Field photographs. a) Limestone metasedimentary unit with chert nodules, looking strai
contact between the plutonic rocks andmetasedimentary rocks, facing 250°, and d) penetrative
to the linear fabric (parallel to the blue pen), facing 058°.
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and RF-05-07 exhibit non-plane strain ﬂattening fabrics, while
sample RF-25-12 demonstrates a constrictional fabric, which, in
each case, is consistent with the three-dimensional strain data.
Samples RF-06-07 and RF-08-07 both exhibit symmetrical cross-
girdle textures, which imply nearly plane strain deformation.
Samples RF-09-07, RF-25-07, RF-16-12, and RF-24-12 display
single c-axis maxima indicating that deformation occurred at
higher temperature (Passchier and Trouw, 2005). Two of these
samples (RF-09-07 and RF-16-12) are taken from plutonic rocks
directly adjacent to the granite-pelitic schist contact, which could
potentially explain the high temperature and/or strain rate CPO in
these samples.
For this study, the main purpose of performing crystallographic tex-
ture analysis on these samples was to determine β, the angle between
the foliation plane and the plane perpendicular to the central girdle
(Wallis, 1995; Law et al., 2004; Passchier and Trouw, 2005). Using β
we can calculate the mean kinematic vorticity number (Wm) (Wallis,
1995; Law et al., 2004). However, since only two samples exhibit
cross-girdles, we needed to identify suitable proxies for this girdle.
Fig. 12 illustrates how we determined the β angle for the non-cross-
girdled CPOs. For samples with a single c-axis maxima, β should simply
be the angle between the foliation plane and the maxima. For the small
circle girdles, the crystallographic a-axes were utilized in order to
determine theβ angle. The two strongest a-axismaximawere identiﬁed
and lines were drawn through the center of the diagram to connect the
two halves of the maxima. The acute bisector of these two lines act as a
proxy for the perpendicular to the central girdle. In this way, we
determined β angles for 10 of our samples. Three samples, RF-17-12,ght down, b) folds within the limestone unit, looking straight down, c) irregular intrusive
lineationwithin the peliticmetasedimentary unitwith a hinge line oriented perpendicular
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meaningful determination of the β angle.
5.3. Vorticity analysis
Vorticity is a measure of internal rotation in a ﬂowing material
(Truesdell, 1953). Determining the vorticity for naturally deformed
rocks is particularly useful for kinematic analysis because it enables
calculation of the relative amounts of pure shear and simple shear
(e.g., Means et al., 1980; Tikoff and Fossen, 1995; Bailey and Eysler,
2003; Law et al., 2004). The angle of the maximum extension
direction with respect to the foliation surface (θ’), combined with
the strain ratio (Rxz), can be used to calculate the mean vorticity
number (Wm). For irrotational pure shear strain, Wm = 0; for rota-
tional simple shear strain, Wm = 1; 50% pure shear and 50% simple
shear yields a Wm ≈ 0.71 (Law et al., 2004). The latest version of
“Geological Program for Mathematica” (v. 3.0) includes programs
that will plot three-dimensional strain data on a “vorticity dia-
gram” (i.e., a θ’ vs. Rxz plot with Wm contours). Error regions are
calculated within this vorticity space during the statistical analysisν=
-1 ν=1
ν=0
εs =
 0.9
εs =
 0.6
sεs
N = 13
Hsu Diagrama b
εs =
 1.2
Fig. 10. Three-dimensional strain geometry data and associated 95% conﬁdence re
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strain-derived vorticity data and associated error regions on a
vorticity diagram. It is clear from this diagram that deformation
within the RFSZ is dominated by pure shear deformation.
In addition to the three-dimensional strain-derived vorticity
number (Wm,θ’), we can also use the β angles measured from
our crystallographic texture analysis to calculate a CPO-derived
vorticity number (Wm,β). The following equation combines the
strain ratio (Rxz) and the β angle to determine the vorticity
number:
Wm;β ¼ Sin Tan−1 Sin 2βð ÞRxz þ 1ð Þ= Rxz−1ð Þ−Cos 2βð Þ
  
 Rxz þ 1ð Þ
Rxz−1ð Þ ð1Þ
(Wallis, 1995; Law et al., 2004). In this way we have two
independent measures of the vorticity number within the RFSZ
(Table 1).
Because of the non-linear nature of the vorticity number, calculating
a mean vorticity number does not make numerical sense. However, by
converting these vorticity numbers into the relative amounts of pure2.0
2.5
3.0
εs=1
εs=0
.75
εs=1.25
εs=1.5
N = 13
k=
2
k=
5
k=
10
k=.
75
k=.5
k=.25
k=.1
k=
1.0
Flinn Diagram
R
xy
Ryz
1.0 1.5 2.0 2.5 3.0
gions from thirteen samples represented in a) Hsu space and b) Flinn space.
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Fig. 12. Determining the angle between the perpendicular to the central girdle and the
foliation plane, β for the observed crystallographic textures within the RFSZ. In samples
that display moderate temperature CPOs, the symmetry within the a-axes distribution
help to determine β.
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percentage of 75%. Moreover, the vorticity number can also be used to
calculate the amount of shortening across a deforming zone:
S ¼ 1
2
1−Wm2
 1
2 Rxzþ Rxz−1 þ 2  1þWm
2
 
1−Wm2ð Þ
 !1
2
þ Rxzþ Rxz−1−2 12
2
4
3
5
8<
:
9=
;
−1
ð2Þ
(Wallis et al., 1993; Law et al., 2004). Unlikewith vorticity numbers, it is
legitimate to take the mean of shortening values. As is seen in Table 2,
themean of both of these twomethods yield nearly identical shortening
values, i.e., 20.3% shortening from three-dimensional strain-derived
vorticity number and 20.4% shortening from the CPO-derived vorticity
number. Because the ﬁeld area associated with this kinematic analysis
is about 650 m thick, we can calculate that this area has undergone
~166 m of shortening. Furthermore, given the mean Lode's ratio
and Flinn's k-value, we calculate that the shortening of this 650 m
transect is accommodated, in part, by ~21% (i.e., 174 m) of vertical
extrusion and only ~3.4% of along strike, out-of-the-plane, extension.
Given the non-plane-strain nature of this deformation (Fig. 10), we
consider the RFSZ an “unconﬁned” transpressional zone as deﬁned by
Jones et al. (1997).
6. Discussion
Any kinematic analysis requires certain simplifying assumptions. For
example, the “vorticity diagram” and its contours are constructed based
on the assumption of sub-simple shear (Tikoff and Fossen, 1995).
However, given the non-vertical orientation of the penetrative lineation
and mean strain ellipsoid long axis, a triclinic model may provide a
more realistic model of the kinematics of this area (e.g., an incline
transpressional model (Jones et al., 2004; Jiang, 2007; Horsman et al.,
2008)). Nevertheless, it is unlikely that adding this level of complexity
would meaningfully alter the horizontal shortening estimates because
the amount of “triclinic-ness” (i.e. the magnitude of off-vertical simple
shear component), in this subvertical shear zone is independent of the
amount of zone perpendicular shortening. Furthermore, we assumed
that there is no volume loss when we calculate our strain parameters.mean long 
axis orientation
mean short 
axis orientation
mean intermediate
axis orientationN = 13
000o
090o
180o
270o
Fig. 11. Lower hemisphere, equal-area projection of the orientation of the strain ellipsoid
principal axes orientations. Mean principal axes orientations (Trend, Plunge): Long (281°,
68°), Intermediate (151°, 14°), and Short (056°, 18°). 1% area contouring with contour
values of: 5.49%, 11.0%, 16.5%, 22.0%, 27.5%, 33.0%.
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towards the apparent ﬂattening regime. However, given the small-
circle girdle quartz c-axes pattern observedwithin some of our samples,
we feel conﬁdent that the mean strain geometry legitimately plots
within the general ﬂattening ﬁeld.
Most signiﬁcantly, we assumed that the measured quartz grain
shapes actually approximate ﬁnite strain ellipsoids. This assumption is
invariably not true, in detail, (e.g., recrystallization will generally skew
ﬁnite strain measurements), and we likely underestimates the true
ﬁnite strains. It is particularly important for the strain increments of
the crystallographic fabric development and the calculated Rxz strain
ratio to match each other in order for the Wm,β calculation to be accu-
rate. Fortunately, the shortening values calculated from both of the
vorticity analysis methods yielded very similar results, supporting ourVorticity Diagram
0
10
20
30
40
Wm = 1
Wm = 0.8
Wm = 0.6
Wm = 0.4
Wm = 0.2
θ‘
 
(o)
Pure Shear 
Dominated
Simple Shear 
Dominated
Strain Ratio (Rxz)
1 2 3 4 5
Simple Shear Dominated Deformation
Pure Shear Dominated Deformation
Fig. 13. Vorticity diagram. The strain ratio (Rxz) is plotted against the angle between the
foliation plane and the maximum stretching direction (θ’). Data are plotted with respect
to vorticity number (Wm) contours for sub-simple shear (Tikoff and Fossen, 1995).
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Table 2
Calculated shortening values from Eq. (2) using the CPO-derived mean vorticity
number (Wm,β) in addition to the 3D strain-derived mean vorticity number (Wm,θ’)
and strain ratio (Rxz). Empty cells are a result of the four samples from which no β
angles were determined.
Sample name 3D strain shortening CPO shortening Sample mean
RF-03-07 0.227 0.282 0.254
RF-05-07 0.144 0.147 0.146
RF-06-07 0.134 0.130 0.132
RF-08-07 0.142 0.144 0.143
RF-09-07 0.230 0.204 0.217
RF-14-07 0.102 0.127 0.114
RF-17-07 0.106
RF-25-07 0.269 0.235 0252
RF-16-12 0.229 0.233 0.231
RF-17-12 0.045
RF-20-12 0.465
RF-23-12 0.182
RF-24-12 0.230 0.224 0.227
RF-25-12 0.340 0.317 0.329
Mean 0.203 0.204 0.203
13M. Mookerjee et al. / Tectonophysics xxx (2016) xxx–xxxﬁnite strain assumption. In addition, by only analyzing quartz, we inher-
ently miss any strain components that are preferentially partitioned
into other phases. Phyllosilicate minerals likely accommodate and
“hide” some amount of simple shear deformation that cannot be
accounted for; however, additional simple shear within the zone does
not affect our shortening and extrusion estimates.
The study area for this investigation is relatively small, comprising
two transects from a small segment of the Rosy Finch Shear Zone,
which is itself a small segment of the Sierra Crest Shear Zone. Given
the lithologic heterogeneity within and along the RFSZ, it would not
be appropriate to extrapolate our extrusion estimates for the entire
length of the SCSZ. For instance, Tikoff and Greene (1997) documented
more horizontal lineations at other locations along the RFSZ. It is not
clear whether these areas of horizontal lineations could potentially
balance the vertical extrusion that we observe in our area; continued
investigation into these deformational zones associated with oblique
convergence are clearly warranted. Furthermore, with additional geo-
chronological data, we could say something about the evolution of
these zones, and with more geochemical data we could quantitatively
evaluate the effects of volume loss on our three-dimensional strain
datasets (e.g., Grant, 1986; O'Hara, 1988; O'Hara and Blackburn, 1989;
Bailey et al., 1994).
7. Conclusions
The Rosy Finch Shear Zone is the product of horizontal shortening
and dextral shearing that has resulted in vertical extrusion out of the
zone. A prominent, steeply plunging, stretching lineation is visible on
subvertical planes, while horizontal surfaces consistently indicate a
dextral shear sense corresponding to the right-lateral component of
oblique convergence of the Farallon Plate beneath the North American
continent. Three-dimensional strain and vorticity analyses indicate
that there is a signiﬁcant component of pure shear deformation within
this zone, ~75%. This pure shear component is responsible for≈20.%
of horizontal shortening across this zone. Strain ellipsoids from samples
taken throughout the deformed area indicate the predominance of gen-
eral ﬂattening (mean Flinn's k-value of 0.585, and Lode's ratio of 0.202)
and an octahedral shear strain (εs) of 0.407. The long and intermediate
principal strain ellipsoid axes are nearly parallel to the mean foliation
orientation within the shear zone while the mean short axis is oriented
perpendicular to this foliation plane.
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